Neurotransmission is achieved by soluble NSF attachment protein receptor (SNARE)-driven fusion of readily releasable vesicles that are docked and primed at the presynaptic plasma membrane. After neurotransmission, the readily releasable pool of vesicles must be refilled in less than 100 ms for subsequent release. Here we show that the initial association of SNARE complexes, SNAREpins, is far too slow to support this rapid refilling owing to an inherently high activation energy barrier. Our data suggest that acceleration of this process, i.e., lowering of the barrier, is physiologically necessary and can be achieved by molecular factors. Furthermore, under zero force, a low second energy barrier transiently traps SNAREpins in a half-zippered state similar to the partial assembly that engages calcium-sensitive regulatory machinery. This result suggests that the barrier must be actively raised in vivo to generate a sufficient pause in the zippering process for the regulators to set in place. We show that the heights of the activation energy barriers can be selectively changed by molecular factors. Thus, it is possible to modify, both in vitro and in vivo, the lifespan of each metastable state. This controllability provides a simple model in which vesicle docking/ priming, an intrinsically slow process, can be substantially accelerated. It also explains how the machinery that regulates vesicle fusion can be set in place while SNAREpins are trapped in a halfzippered state.
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SNAREpin assembly | fusion regulation | RRP refilling | Tomosyn | fluorescence anisotropy I n synaptic transmission, neurotransmitter-containing vesicles are docked and primed at the presynaptic plasma membrane, forming a readily releasable pool (RRP). Priming is achieved through partial association of v-soluble NSF attachment protein receptors (v-SNAREs) from the vesicle with t-SNAREs from the plasma membrane at their N-terminal subdomains. The vesicles discharge their contents into the synaptic cleft upon stimulation by elevated intracellular Ca 2+ influx (1) . After the vesicles release their cargo, a new batch of vesicles docks to the presynaptic membrane and their v-SNAREs associate with t-SNAREs to be primed for the next round of fusion (2, 3) . This process refills the RRP. At fast synapses, the rate of vesicle refilling is ∼100 ms (4) (5) (6) . The assembly of the fusion-competent protein complex includes the N-terminal association of the t-and v-SNAREs, and thus this association must occur within such a timeframe (1, (7) (8) (9) (10) . In the conventional progressive zippering model, the N-terminal layers of the SNAREs have been presumed as the point where the assembly process is started and hence has been thought to be rapid (11) . However, recent studies show the N-terminal assembly has to reach the middle layers (around layer −1) to achieve meaningful binding affinity; zippering of this subdomain is the rate-limiting step of membrane fusion and takes minutes (12) . How can these two timescales, 100 ms and minutes, be reconciled? Here we precisely quantify the rate of assembly and show that the slow rate of N-terminal zippering is due to a high activation energy barrier that has to be overcome. Previous reports indicated that fusion can be accelerated in vitro by preincubating the t-SNARE with the C-terminal region of the v-SNARE (11, 13) . We demonstrate that this acceleration is due to a structural change of t-SNARE that results in lowering of the activation energy barrier and faster N-terminal assembly. We find that this acceleration is a general feature that can be achieved by other protein factors.
After the N termini of the SNAREs have assembled, their C-terminal regions have to further zipper up and provide enough energy to the membranes to induce fusion. Functionally, these two assembly steps are distinct (12) . However, it remains unclear whether they are kinetically separated, i.e., whether there is a pause in the assembly process between them. Some biophysical studies have tackled this issue (9, (14) (15) (16) (17) . Notably, when a single SNARE complex is disassembled with optical tweezers, extrapolation of the applied force to zero leads to a continuous downhill energy landscape that prevents any pause (15) . Synaptic vesicle fusion is strictly regulated by neuronal proteins such as Complexin and Synaptotagmin. Evidence suggests that these regulators may act on the half-zippered SNARE (17) (18) (19) (20) . Therefore, a kinetic pause between the N-and C-terminal zipperings would be a key factor for organizing the regulation machinery. Here, we establish the existence of this kinetic pause between the two assembly steps under zero force.
Results

N-Terminal Assembly Is Thermodynamically Favorable, but Kinetically
Unfavorable. To study the initial assembly of the v-SNARE (VAMP2) and t-SNARE (a complex of Syntaxin1A and SNAP25), we first measured the interactions between the N-terminal peptide of VAMP2 (Vn peptide, VAMP2 residues 1-57) and the entire Significance Neurotransmission requires fusion of the synaptic vesicles that are closely apposed to the presynaptic membrane. This apposition is achieved through the initial association of proteins known as soluble NSF attachment protein receptors (SNAREs). After a neurotransmission event, other vesicles must be rapidly prepared for the next round of fusion. Here we find the kinetics of the initial formation of SNARE complexes are too slow to spontaneously achieve this process because of a high activation energy barrier, but can be accelerated by molecular factors. In addition, we show that a second energy barrier transiently traps the SNARE complexes in a half-zippered state. This pause provides time for the regulatory machinery that accurately controls synchronized neurotransmission to be set in place.
cytosolic domain of t-SNARE (Syntaxin1A residues 1-265 and SNAP25 residues 1-206, Fig. 1A ), using isothermal titration calorimetry (ITC). Surprisingly, when Vn was titrated into t-SNARE solution, the heat spikes had the same amplitude as in water-water titration, indicating that no binding signal was detected (Fig. 1B) . This was unexpected because the binding between the t-and the v-SNARE is mainly due to exothermic hydrophobic interactions between heptad repeat motifs (21, 22) .
We also separately titrated the C-terminal subdomain of v-SNARE (Vc peptide, VAMP2 residues 58-94) and the entire cytosolic domain (CDV, VAMP2 residues 1-94) into t-SNARE. The titration with Vc generated a large heat signal, which gave an affinity constant, K D , of about 440 nM and ΔH of about −19.1 kcal·mol −1 (Fig. 1C and Table S1 ). The reaction between CDV and t-SNARE generated more heat, with ΔH about −40.1 kcal·mol −1 and K D about 130 nM (Fig. 1D) . Because the generated heat is additive, ΔH of Vn binding to t-SNARE equals ΔH of CDV binding minus that of Vc. Thus, the reaction of Vn binding with t-SNARE corresponds to ΔH ∼ −21 kcal·mol , which seems to contradict the experiment in Fig. 1B , in which Vn peptide was titrated into t-SNARE and did not produce any heat signal.
This apparent contradiction may be due to kinetic effects. To test this hypothesis, we mutated Vn, Vc, and CDV to contain a single cysteine residue in their sequences and labeled them with a fluorescent dye. We then monitored fluorescence anisotropy during their binding with t-SNARE. We found that Vn or Vc alone could bind t-SNARE. However, the rate of Vn assembling was much slower (Fig. 1E and Fig. S1A ). We evaluated the on rates and affinity constants of Vn, Vc, and CDV binding to t-SNARE ( Fig. 1 E and F, Fig. S1 , and Table S2 ). These results showed that Vn, Vc, and CDV were all able to bind t-SNARE with similar K D (85 nM for Vn, 170 nM for Vc, and 110 nM for CDV; Fig. 1F ). The striking difference is that Vn assembled with t-SNARE much slower than Vc and CDV. The on rates for Vc and CDV assembly were similar, 6,000-7,000 M ; whereas Vn assembled with t-SNARE at an on rate of only about 500 M
Reorganization of the N-Terminal Three-Helix Bundle of the t-SNARE Is Required to Accommodate the v-SNARE. To investigate the molecular basis of the kinetically unfavorable N-terminal assembly, we preincubated t-SNARE with Vc peptide. Vc prebound t-SNARE and formed a partial complex at their C termini, leaving the N terminus of t-SNARE available for Vn assembly. After the prebinding reached equilibrium, this t-SNARE/Vc mixture was titrated with Vn peptide (Fig. 2A) . Large heat spikes due to Vn assembling with t-SNARE were measured, with ΔH about −20.2 kcal·mol , which was consistent with the ΔH value calculated above, and K D about 7 nM. The agreement in ΔH Table S1 . (E and F) Fluorescence anisotropy experiments were performed to monitor the binding process of Vn (blue triangles), Vc (green circles), and CDV (red squares) to the t-SNARE at various concentrations at 26°C, respectively. The anisotropy vs. time curves are presented in Fig. S1 . (E) The initial binding rates were plotted vs. the concentration of t-SNARE (markers). The solid lines were fits to obtain the on rates. The error bars were determined from the SD of measurements in the anisotropy. (F) Plateau anisotropy values were plotted vs. the concentration of t-SNARE (markers). The solid lines were fits to obtain the affinity constants. suggests that the interactions between the binding residues on Vn and t-SNARE are not altered by Vc. Therefore, it seems that the prebinding of Vc to t-SNARE accelerated the N-terminal assembly of SNAREs.
We then used fluorescence anisotropy to measure the assembly kinetics of Vn binding to t-SNARE that was prebound with Vc (Fig. S2A) . We determined the on rate and found that it was increased by ∼1,000 fold, to 4.9 × 10 5 M −1 ·s −1 (Fig. 2B ). Hence the previous kinetically unfavorable N-terminal assembly became highly favorable when t-SNARE was prebound with Vc. We also obtained the affinity constant from anisotropy measurements, K D ∼ 5.6 nM (Fig. 2C) . Hence, the binding affinity of N-terminal assembly was improved from 85 nM to 5.6 nM upon Vc addition.
To test whether this prebinding-induced activation is limited to Vn peptide, we used the cytosolic domain of v-SNARE (CDV, VAMP2 residues 1-94) and similar results were obtained (SI Text and Fig. S3 ). The changes in the kinetic and thermodynamic parameters of CDV assembling with t-SNARE upon prebinding are close to those of Vn assembling. This suggests that, in both cases, activation originates from the same underlying molecular mechanism.
Previously, Melia et al. (11) reconstituted full-length t-SNARE and v-SNARE onto liposomes, respectively, and found that Vc peptide accelerated the rate of lipid mixing between t-SNARE liposomes and v-SNARE liposomes. Here we monitored both content mixing and lipid mixing, using nanodiscs and liposomes. The results showed that both lipid mixing and content release were accelerated (∼10-fold) through preincubating Vc peptide with t-SNARE liposomes (Fig. 2 D-F) , consistent with previous reports (11, 13) .
Fusion between v-SNARE nanodiscs and prebound t-SNARE liposomes is a result of the N-to C-directional zippering: Assembly is initialized on their N termini, followed by displacing the Vc peptide, and assembly continues on the C termini toward the transmembrane domains to induce bilayer merging. Because the N-terminal assembly of the SNAREs is intrinsically slow and can be significantly accelerated by Vc prebinding, the activation of liposomenanodisc fusion by Vc is likely due to the acceleration of the N-terminal assembly.
Prebinding of t-SNARE with Vc is not physiologically meaningful as VAMP2 is not present in the plasma membrane before docking. However, other factors such as R-SNAREs [proteins containing a VAMP-like domain (VLD) with an arginine residue on the ionic layer] are in the plasma membrane and may play a similar role to that observed in vitro with Vc. Here, to check this general concept, we tested an R-SNARE, Tomosyn, which is found in the cytosol and the plasma membrane (23). Here we purified a C-terminal peptide of Tomosyn-1 (TSc, residues 1,076-1,115; Fig. S4A ).
We first titrated TSc into the solution of the cytosolic domain of t-SNARE and found that TSc bound t-SNARE with a good affinity (K D about 248 nM; Fig. S4B ). Then we preincubated t-SNARE with TSc and titrated Vn into this mixture (Fig. 3A) . The resulting thermograph showed that Vn assembled with prebound t-SNARE with a K D ∼ 13.6 nM and ΔH ∼ −20.3 kcal·mol . In fluorescence anisotropy measurements, Vn assembled rapidly with t-SNARE that was prebound with TSc, with an on-rate k on of about 5.1 × 10 5 M −1 ·s −1 (Fig. 3B) . In lipid-mixing fusion assays, when t-SNARE liposomes were preincubated with TSc, fusion with v-SNARE liposomes was accelerated about eightfold (Fig. 3C) . These results show that, similarly to Vc, prebinding of TSc activates the t-SNARE and facilitates the N-terminal assembly. This finding suggests that such an activation effect is a general feature of the R-SNAREs.
These results show that (i) the N-terminal assembly of SNAREs is intrinsically slow, but can be significantly accelerated to satisfy synaptic vesicle docking/priming when t-SNARE is prebound with Vc or TSc; (ii) the N-terminal assembly is enthalpy driven and thermodynamically favorable; and (iii) N-terminal assembly is the limiting factor in fusion assays and acceleration of fusion is the direct result of activation on the N-terminal assembly.
A previous study suggested that the function of Vc is to prevent a second Syntaxin binding to the t-SNARE that forms a 2:1 (Syntaxin:SNAP25 molar ratio) dead-end complex (13) . Our experimental data have proved that the coexpressed t-SNARE, which was used in our study, contains Syntaxin and SNAP25 at a 1:1 molar ratio, and Vc accelerates the assembly of t-and v-SNARE even when SNAP25 is in large excess (SI Text and Fig. S5) . Thus, the action of Vc goes beyond merely preventing dead-end complex formation, but induces a more profound change in t-SNARE. In the following we show that this change is related to a structural optimization of the t-SNARE.
The SNARE motif of the t-SNARE contains one helix from Syntaxin and two helices from SNAP25; it exhibits a three-helixbundle structure on its N terminus and is unstructured on its C terminus (14, 24, 25) . However, the structure of the postfusion SNARE complex exhibits a four-helix-bundle structure on both its N and C termini (Fig. 4A) (26) . Therefore, during the N-to C-directional zippering process, t-SNAREs must restructure their three-helix bundles to accept the fourth helix from VAMP2 to form the four-helix bundle. Such helix reorganization costs energy. This is key to understanding the molecular basis of Vc accelerating the N-terminal assembly. In a previous study, we observed that when t-SNARE was prebound with a Vn peptide, X-ray crystallography showed a four-helix-bundle structure on its N terminus and such a four-helix configuration propagates to its C terminus, even though only three helices existed on the C terminus (12, 19) . This is the helix continuation model. We hypothesize that, similarly, when Vc binds to t-SNARE, the C terminus of the SNARE complex is prestructured and adopts the four-helix-bundle conformation that is able to propagate and disrupt the initial three-helix bundle on the N terminus to form the same "four-helix-like" bundle structure as in the full-assembled SNARE (Fig. 4A ). This prestructuring of the N-terminal region of the SNARE domain is validated by CD spectra, which show that t-SNARE has similar helical content when it is bound with either Vc or Vn peptide (Fig. 4B) . Thus, a binding site is created on t-SNARE to facilitate the assembly with the N terminus of v-SNARE. Such a preformed binding site must occur before N-terminal assembly of the ternary complex to bypass the energy-costly reorganization of the t-SNARE and hence reduces the kinetic barrier (Fig. 4C) . Therefore, our data reveal that prebinding with the C-terminal peptide of an R-SNARE not only prestructures t-SNARE's C terminus, but also reorganizes its N-terminal three helices to create a preformed binding site for VAMP2. This reorganization provides the molecular basis for the facilitation of N-terminal assembly and may explain that Vc prevents non-fusogenic anti-parallel assembly (27) .
Energy Landscape of SNAREpin Assembly Under Zero Force. Synaptic vesicle fusion is driven by the C-terminal assembly of the SNAREs, whereas vesicle docking and priming result from the N-terminal association. Thus, determining energy barriers during N-and C-terminal assembly is critical for understanding the kinetics of vesicle priming and fusion.
We performed fluorescence anisotropy measurements to monitor labeled Vn peptide assembling with t-SNARE or t-SNARE preincubated with Vc, at different temperatures T (Figs. S2  and S6 ). We then obtained the on-rate k on , affinity constant K D , and the off-rate k off (through K D = k on /k off ), at each temperature (Table S2 ). Using the classical Arrhenius' equation, k = Ae −ðEa=ðkBTÞÞ , where A is the preexponential factor, and k B is the Boltzmann constant, we plotted k on as a function of 1/T to obtain the activation barrier of the assembly reaction, E a,on , both in the absence and in the presence of Vc prebinding (Fig. 5A) . The striking finding here is that the activation barrier of the N-terminal assembly is extremely high, E a,on ∼ 34 k B T. This is the energy cost of prestructuring t-SNARE by opening the N-terminal three-helix bundle of t-SNARE to form a four-helix bundle with the N-terminal subdomain of v-SNARE. This high energy barrier is the reason why the N-terminal assembly is intrinsically slow and needs to be accelerated. In contrast, when t-SNARE is prebound with Vc, the energy barrier is substantially reduced to E a,on ∼ 8.6 k B T. As shown above, this large energy reduction is because such prebinding already opens the N-terminal three-helix bundle into a four-helix bundle-like configuration, and this explains why Vc accelerates N-terminal assembly.
Similarly, we plotted k off as a function of 1/T to obtain the activation barrier of the disassociation, E a,off (Fig. 5B) . As expected, the energy difference between the two states (Vn assembled state and unassembled state), E a,off − E a,on , is not altered Fig. 4 . Molecular basis for activation of the t-SNARE and acceleration of N-terminal assembly. (A) Helicity continuation model. When a Vn peptide binds the t-SNARE (A, Center) or a C-terminal peptide of R-SNARE prebinds the t-SNARE (A, Right), both N-terminal and C-terminal domains adopt the same four-helix bundle structure as in the postfusion, fully assembled SNARE complex (A, Left). (B) Vn and Vc peptides structure the t-SNARE to a similar extent. After incubating with Vn or Vc peptide, respectively, the CD spectra of SNAREs exhibited a similar amount of helical structure. The CD spectrum of t-SNARE was less structured, and CD spectra of Vn and Vc are largely unstructured. (C) Model of the molecular basis for activation of N-terminal assembly. In the N-to C-directional zippering, the N terminus of the t-SNARE needs to reorganize its three-helix bundle to accept the fourth helix from the v-SNARE. When a C-terminal peptide of R-SNARE prebinds the t-SNARE, the N terminus of v-SNARE is able to directly assemble with the preformed site and bypasses the helix reorganization. Fluorescence anisotropy experiments were performed to monitor the binding process of Vn to the t-SNARE at various concentrations and different temperatures in the absence (blue triangles) or presence (purple diamonds) of prebinding with excessive Vc, respectively. k on and k off were then plotted vs. 1/T to obtain the kinetic energy barriers of N-terminal association (A) and disassociation (B), respectively. (C and D) Fluorescence anisotropy experiments were performed to monitor the binding process of Vc to the t-SNARE in the absence (green circles) or presence (pink diamonds) of prebinding with excessive Vn, respectively. k on and k off were then plotted vs. 1/T obtain the kinetic energy barriers of C-terminal association (C) and disassociation (D), respectively. The error bars were determined from the SD of measurements in the anisotropy. (E) Energy landscape of the activation barriers. E, Left corresponds to the unbound states. The relative positions of the states (corresponding to the two minima in the plot) are free energies directly measured by ITC and florescence anisotropy. The activation energy barriers are determined by varying the temperature in the fluorescence anisotropy assay and may also be free energies (main text). In the absence of activation of the t-SNARE, the zippering pathway follows the blue solid curve. In the presence of activation, the zippering pathway follows the red solid curve. In both situations, the barrier of C-terminal assembly is low (∼4.7 k B T) as N-terminal zippering occurs first, which prestructures the C terminus of the t-SNARE. The dashed curve indicates the barrier of C-terminal assembly when N termini are not zippered.
by the prebinding: ∼16 k B T both in the presence and in the absence of the prebinding. Hence prebinding of Vc changes only the activation energy.
Via the same approach, we determined the energy barrier of the C-terminal assembly. We obtained E a,on ∼ 13 k B T for the C-terminal association. We also preincubated t-SNARE with a Vn peptide and measured the anisotropy of labeled Vc during its assembly with the prebound t-SNARE and obtained E a,on ∼ 4.7 k B T (Fig. 5 C and D) . Similarly, the energy barrier of C-terminal assembly was also largely decreased when t-SNARE is prebound. Prebinding Vn changes the activation energies but not the energy difference, 18 k B T, between the Vc unbound and Vc bound states.
For both energy barriers (N-terminal assembly and C-terminal assembly), the differences between the activation energies of the forward and backward reactions are very close to the free energy variations measured by ITC and fluorescence anisotropy. Even though this similarity is not a proof per se, it suggests that the energy barriers are not enthalpies but actual free energies.
With the activation barriers of both N-and C-terminal assemblies, we constructed an energy landscape to account for the N-to C-directional zippering (Fig. 5E ). Due to topological constraints, C-terminal zippering occurs after N-terminal zippering, and hence the assembly substrate is the half-zippered SNARE intermediate. Therefore, the energy barrier of C-terminal assembly is reduced to 4.7 k B T, which allows rapid zippering to satisfy submillisecond fast fusion. If t-SNARE is not activated for the N-terminal assembly, the energy landscape of the zippering pathway is described by the blue solid line in Fig. 5E . The energy barrier is high, 34 k B T. When t-SNARE is activated upon prebinding with the C-terminal peptide of an R-SNARE, the energy landscape can be depicted by the red solid line in Fig. 5E . Here the barrier for N-terminal association is largely reduced to 8.6 k B T, so that fast vesicle docking/priming becomes possible. There is an energy minimum between the two kinetic barriers, indicating the existence of the half-zippered SNARE intermediate (zippered on the N termini but not on the C termini).
Discussion
Zippering of the t-and v-SNAREs is required for membrane fusion. We have quantified the two main energy barriers that dictate the kinetics of this assembly. Our results provide critical insight into the understanding of two physiological processes: the refilling of the RRP and the organization of the regulatory machinery before fusion.
SNARE N-Terminal Assembly Must Be Accelerated for Rapid RRP
Refilling. Due to topological constraints, the folding pathway of the SNAREs starts at their N termini. N-terminal assembly initializes their association and primes them by introducing a structural change in t-SNARE (12) . As such, N-terminal assembly is part of the refilling process of the RRP. However, the assembly of these subdomains alone is the limiting step in SNARE zippering with an on rate of 1,900 M −1 ·s −1 at 37°C. The density of SNAREs near the active zone of presynaptic membrane can be estimated to be of the order of ∼100 μM, assuming that the gap between two synaptic vesicles before refilling the RRP is equal to their diameter (28, 29) and 70 copies of VAMP2 per vesicle (30) . The resulting characteristic time is of the order of 10 s. This is too slow compared with the expected rate of refilling of the RRP (100 ms). Even though N-terminal assembly is energetically favorable, the three-helix bundle that composes the t-SNARE has to be opened and reorganized to accommodate the fourth helix coming from the v-SNARE. This process generates a high kinetic energy barrier, 34 k B T. We propose three nonmutually exclusive scenarios to accelerate the assembly of the N-terminal domains as follows.
First, we have observed that when R-SNARE-like peptides are bound to t-SNARE, this reorganization of the three-helix bundle is already achieved before association with v-SNARE. The result is a faster assembly of the N-terminal subdomains with an on rate of 6.7 × 10 5 M
. Assuming 100 μM concentration, this would correspond to a characteristic time of 15 ms, consistent with a fast refilling of the RRP. Hence, we speculate that, in vivo, t-SNARE must also be prepared to accept the N-terminal subdomain of v-SNARE by opening up the groove where the fourth helix is inserted. Although full-length R-SNARE may occupy the entire SNARE motif of the t-SNARE and inhibit SNARE assembly, studies using the superior cervical ganglion neurons and the insulin-secreting cell line have revealed that Tomosyn enhances the formation of the SNARE complex, increases the fusioncompetent readily releasable pool of synaptic vesicles, and enhances neurotransmitter release (31, 32) . Yamamoto et al. (33) reported that the tail domain of Tomosyn binds the N-terminal half of Tomosyn's VLD and proposed that after PKA phosphorylation, the tail domain may be able to occupy the N-terminal half, so that only the C-terminal half of the VLD will be available to bind with the t-SNARE. Hence it is possible that this reorganization of t-SNARE may be achieved by an R-SNARE such as Tomosyn or, possibly, any other appropriate peptide in the vicinity of the plasma membrane, through interactions with other factors. Because these peptides are never present alone in vivo, such a mechanism requires that the N-terminal region of the VLD is blocked by another factor or template such as Tomosyn's tail domain or Munc18, leaving only the C-terminal region accessible.
Alternately, Munc18 is known to facilitate SNARE assembly (34, 35) . X-ray crystallography showed that Vps33, the Sec1/ Munc18 subunit in yeast, binds v-SNARE (36) . It is probable that Munc18 binds VAMP2 and Syntaxin1A simultaneously, which would artificially increase their local concentrations. If this increase is beyond 100 mM, N-terminal assembly becomes fast enough to be with the timeframe of RRP refilling. Hence, Munc18 may act as a scaffold to facilitate the formation of the halfzippered SNARE.
The third scenario follows a recent suggestion that the t-SNARE is initially not assembled (37) . It would assemble only upon binding with VAMP2. In this case, the kinetics may be different from what we observe here.
Pause in the Half-Zippered State Under Zero Force. In vivo and in vitro studies show that the machinery that regulates fusion seems to act on partial SNARE assembly (7-10, 17, 19, 38) ; for instance, studies on the cleavage of VAMP2 by tetanus toxin and Botulinum/B neurotoxin (7) and exocytosis measurements in adrenal chromaffin cells with overexpressed VAMP2 mutants (10) indicated the likelihood of partially folded intermediates. Surface force measurements indicated that partially zippered SNAREs were stable without any applied force (21, 39) . Optical tweezers experiments observed an intermediate state when force of ∼17 pN was applied. However, extrapolating the energy landscape to zero force, the intermediate state disappeared (15) . We recently discovered distinct functional roles for N-and C-terminal zippering (12) . These observations led to the conclusion that the regulatory machinery is set in place when the SNAREpin is kinetically trapped in the half-zippered state. Hence, it is surprising that this state vanishes under zero force. Here, we have unambiguously established this intermediate state exists with an energy barrier of ∼5 k B T (Fig. 5E) , which corresponds to a lifetime of ∼1 μs (40) .
What is the origin of this contradiction? We propose that it can be due to an entropic effect. Indeed, in the optical tweezers experiments, the SNAREs are initially in the folded state and open up due to the stretching force field, and their entropy has been reduced close to the folded state. In contrast, in the present study, the SNAREs initially are in their relaxed, unperturbed state and possess their relaxation entropy. Modeling the unstructured SNAREs as polymers, we find that this entropy can bring a few k B T per SNARE that may be sufficient to account for the 5 k B T activation energy we measured (SI Text and Fig. S7) .
Assuming that the kinetic pause between N-terminal and C-terminal assemblies is around 1 μs would suggest that the intermediate state is very transient. Intermembrane repulsions due to the SNAREs themselves or other molecules will increase the duration of this state. However, negative regulators are needed to arrest the half-zippered state and clamp C-terminal assembly. Complexin has been reported to block progression of zippering (18, 19, 38) . The k on of Complexin binding to SNAREs is ∼3 × 10 7 M −1 ·s −1 and its concentration is estimated in the 1-mM to 2-mM range (19, 41) . Thus, if the intermembrane repulsion is large enough to prolong the lifetime of the intermediate state to ∼20 μs, it is possible to recruit Complexin to half-zippered SNARE. Another possible scenario is that Complexin is recruited through binding with t-SNARE before association with v-SNARE, as we previously reported (17) .
In vivo, sequential vesicle docking/priming and fusion are respectively governed by the assembly of the N-and C-terminal subdomains of SNAREs. The intrinsic high energy barrier with N-terminal assembly and subsequent low barrier in the C-terminal subdomain make it possible to enable or inhibit the docking/ priming and fusion independently by using regulatory machineries to manipulate the assembly of SNAREs. Both phenomena are essential for precise spatial and temporal regulation of neurotransmission.
Materials and Methods
Below is a very brief description of the methods that were used. More details are given in SI Materials and Methods.
Protein Constructs, Expression, and Purification. Proteins were produced by expression in the BL-21 gold (DE3) Escherichia coli bacterial strain and purified as described before (12) .
Lipid-Mixing Fusion Assay. Lipid mixing between full-length t-SNARE (FLT) liposomes and full-length VAMP2 (FLV) liposomes was measured by monitoring the dequenching of the DPPE-NBD fluorescence resulting from its dilution into the fused liposomes.
ITC Measurements. ITC experiments were performed with a Microcal ITC200 instrument similarly to what was described before (19) .
Fluorescence Anisotropy. Fluorescence anisotropy was measured using T-format polarization. To obtain the kinetic parameters, we used the equations developed in a previous publication (12) .
